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The object ive o f  th is  e f f o r t  i s .  to develop a new thin f i lm resistance strain 
gage system which w i l l  be suitable for  use inside gas turbine engines on blades or 
vanes a t  temperatures up to  1250 K. These gages are to be capable o f  making strain 
measurements to  k2000 microstrain wi th  to ta l  errors o f  no more than +IO percent 
during a 50 hour period. In addit ion to survival and stabi l i ty  in this hostile environ- 
ment, at ta in ing a low temperature coef f ic ient  o f  resistance, o f  the order o f  20 ppm/K 
or less, i s  an impor tant  goal. This requirement arises f r o m  the presently unavoidable 
uncertaint ies in the measurement o f  exact temperatures inside gas turbine engines for 
use in making corrections for apparent strain. 

SENSOR PROPERTIES 

The most desirable mater ia l  to  select as a strain sensitive resistor would be a 
pure, precious meta l  which would have a high mel t ing point  and be iner t  to oxidation 
attack. Unfortunately, the resistances of  pure metals a l l  have high thermal sensi t i v i -  
t ies to temperature which i s  unacceptable in this application. Unacceptably large 
uncertaint ies in strain (errors) resul t  when high coeff ic ients o f  resistance are 
combined w i t h  the typical  uncertaint ies in measurements of  the temperature of  gas 
turbine parts. This consideration i s  fur ther complicated when the sensor must be used 
on a structure containing a high thermal gradient. 

Al loying wit:h other precious metals to form solid solutions can be used to 
introduce electron scatter ing centers whose concentrations and resistance ef fects are 
essentially independent o f  temperature. Unfortunately, the choices available do not  
resul t  in alloys whose resist ivi t ies have suf f ic ient ly  low thermal sensit ivi t ies to be 

*Work done under NASA Contract  NAS3-23722 

4 3  



useful. The opt imum sensor composition developed in this and previous programs 
(refs. 1-4) is an al loy o f  Pd containing 13 weight percent Cr. This al loy i s  part icu- 
lar ly  desirable because, no t  only does the Cr act  as ef fect ive scatter ing agent to  
increase the resistance and lower the thermal sensit ivi ty o f  resistance o f  the alloy, 
but  the Cr diffuses to  the surface to f o r m  a coating o f  CrzO3 which resists fur ther  
oxidation of  the Cr. Figure 1 shows the resistance versus temperature behavior o f  
th is alloy. The f a c t  tha t  the resistance i s  l inear wi th  temperature indicates that  the 
C r  remains in complete solid solution over the f u l l  temperature range o f  interest  and 
that  no ordering ef fects  occur. 

Unfortunately, when th is  al loy i s  prepared as a sputtereld f i lm only 6.5 
micrometers thick, the amount o f  Cr in the f i lm i s  not  suf f ic ient  to  f o r m  a 
protect ive coating wi thout  almost completely deplet ing the remaining al loy o f  
Cr. Figure 2 shows how the resistance of  d i f ferent  thicknesses of the PdCr al loy 
changes wi th  t ime when exposed to  oxidation a t  1250 K. 

PROTECTIVE OVERCOATS 

E f f o r t s  a re  c u r r e n t l y  underway t o  develop p r o t e c t i v e  o v e r c o a t / t o p  seal  
coatings to overcome this oxidation problem. Alumina has been selected as the 
pr imary overcoat mater ia l  because of  the general recognit ion that  i t :  forms the most 
o x i d a t i o n  r e s i s t a n t  c o a t i n g s  f o r  use on  n icke l -base superal loys.  U n f o r t u n a t e l y ,  
sputtered f i l m s  of alumina do not  remain completely dense and iner t  upon f i r ing to 
elevated temperature for  various reasons: (a> the transformat ion f r o m  gamma to alpha 
or f r o m  amorphous to crystalline, (b) evolut ion of  argon entrapped in the structure 
during sputtering, (c) oxidat ion to restore stoichiometry, and (d) aixommodat ion of 
the strains caused by the dif ferences in thermal expansion between the alumina and 
the superalloy substrate, which are typical ly of the order 7 x 10-6/K. Table I 
presents a l is t ing of the various top seal coats which are being evaluated in at tempts 
to  make the alumina impervious to  oxygen. 

P r e l i m i n a r y  e x p e r i m e n t s  a re  also underway t o  e v a l u a t e  t h e  p o t e n t i a l  
advantages o f  sputtering the alumina films on a heated substrate. Because these 
f i l m s  w i l l  be formed a t  a high temperature they should have a high stress f ree 
temperature and experience only moderate tensile stresses when heated to the highest 
temperature of  use. 

INSULATION COATINGS 

Decreases in the measured resistances of  strain gage c i rcu i ts  can also occur 
because o f  e l e c t r i c a l  leakages th rough t h e  a l u m i n a  i n s u l a t i o n  c o a t i n g  on t h e  
Hastel loy-X substrate. These create addit ional paral le l  paths for  current to  f low 
th rough the  m e t a l  subst rate.  F i g u r e  3 shows an example  where  s h o r t i n g  has 
developed a t  high temperatures which gradually became worse w i th  time. Measure- 

44 



ments of  the resistance between the gage and the substrate can be used to conf i rm 
the cause of  this behavior. 

Our investigations of  th is '  problem have focused on the importance o f  surface 
defects original ly present on the highly polished meta l  surface and debris present on 
these surfaces during sputtering. These defects can resul t  in abnormal growths in the 
sputtered films which tend to become detached during subsequent thermal cycl ing to  
f o r m  very f ine pinholes. We have carr ied out careful  examinations o f  a l l  o f  our 
sputtered surface to  ensure that  these sources are removed, and we feel  that  our 
fur ther  results w i l l  con f i rm that  most o f  th is  problem can be avoided by the use o f  
these careful  procedures. 

TEMPERATURE COMPENSATION A N D  L E A D  WIRE CONSIDERATIONS 

Temperature Compensation Design 

A n  analysis of  temperature ef fects  on stat ic strain gage accuracy carr ied out  
by NASA and U T C  during Task 1 and 2 o f  the program concluded that  act ive 
temperature compensation would be needed in addit ion to corrections for  residual 
apparent strain due to temperature. Ac t ive  resist ive temperature compensation can 
be accomplished by instal l ing an addit ional temperature sensitive (relat ively strain 
insensitive) element a t  the point of measurement, and combining the output signal 
f r o m  th is  element w i th  the output signal f r o m  the strain gage element, as shown in 
Figure 4. Good thermal compensation can be expected over only a moderate 
temperature range because the thermal sensit ivi t ies of the gage and the compensating 
element typical ly bary d i f ferent ly  wi th  temperature. Note  that  the use o f  an 
adjustable resistor across the compensating arm of  the bridge (the dashed lines in 
Figure 4 )  as a means o f  fur ther adjusting the compensation, is no t  advisable because 
th is  shunt would also be across two o f  the three lead wire resistances, and therefore 
would defeat the lead wire cancellat ion provided by the 3-wire hookup. 

Lead Resistance Ef fec ts  

Once the strain gage bridge adjustments in Figure 4 have been set for in i t ia l  
balance, including the temperature compensation adjustments, subsequent changes in 
temperature distr ibut ion in the lead wires and lead f i lms  can produce apparent strain 
due to  temperature a t  the bridge output in two ways: (a) common mode changes in 
a l l  lead resistances, and (b) d i f ferent ia l  changes due to  transverse temperature 
gradients. In order to  reduce the common-mode error to  an acceptable level, the 
temperature compensation element in the bridge o f  Figure 4 must have a resistance 
and temperature coef f ic ient  o f  resistance that  produce the same to ta l  leve l  o f  change 
in resistance wi th  temperature as the strain element, w i th in  about 5%. Only i f  th is  i s  
t rue can the bridge ra t io  be set close to 1:l as required to min imize this type of  
error. The ef fects  o f  temperature gradients can be minimized by rout ing the two 
c r i t i c a l  leads as close together as possible. 
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Lead Wire Thermocouple E f fec ts  

For  a gage factor o f  2 and for  a bridge voltage E1 o f  5 volts, the 
thermocouple e f f e c t  in any arm o f  the bridge is about 1 microatrain for  every 5 
microvol ts o f  stray thermocouple emf. The thermocouple emf generated in each lead 
wire, lead film, strain element, or compensating element i s  proport ional to  the 
temperature di f ference between the two ends of  the element. Factors o f  proport ion- 
a l i t y  (thermocouple e m f  per Kelvin, re la t ive to plat inum measuring leads) are l is ted in 
Table I1 for  several candidate metals and alloys. These factors range f r o m  -15 p v / K  
to  +32 pv /k  so that  careful  at tent ion must be used in choosing mater ia ls and layout. 

Thermocouple ef fects  can be reduced i f  the bridge voltage E1 i s  increased, bu t  
El must not  be made so large that  signif icant self-heating of  the strain element 
occurs. T h e r m o c o u p l e  e f f e c t s  m a y  also be r e d u c e d  b y  e m p l o y i n g  pulsed DC 
exc i ta t ion to raise E1 by an order o f  magnituide without producing self-heating. 
Capaci t ively and induct ively coupled transient noise voltages are potent ia l  problems 
when pulsed exc i ta t ion i s  employed. In principle, residual thermocouple ef fects  on 
s ta t i c  strain measurements can also be completely suppressed b:y turning o f f  the 
bridge exc i ta t ion before each strain measurement and readjusting a bucking voltage t o  
rebalance the bridge. 

SUMMARY AND CONCLUSIONS 

The Pd-13 Cr (weight percent) al loy developed in this prograrn appears to  meet  
the program goals of  s tab i l i ty  and reproducibi l i ty  for  use as a s tat ic  strain gage up to  
1250 K when prepared in bulk form. When prepared as a 6.5 micrometer  thick 
sputtered strain gage, however, the natural ly occurring protect ive coat ing o f  0 - 2 0 3  i s  
inadequate to prevent oxidation at tack and a protect ive overcoat/seal coat system i s  
required. An evaluation o f  these systems i s  current ly underway as wel l  as an 
examination of  the use o f  sputtering a t  elevated temperature to reduce the problems 
caused by the dif ferences in thermal expansion between the substrate and sputtered 
alumina layers. 

The impor tant  factors and problems involved in the selection and use o f  lead 
wires w i th  s ta t ic  strain gages have been reviewed. I t  is believed tha t  problems w i t h  
e lect r ica l  leakage between the strain gage and the substrate can be overcome 
pr imar i ly  by the use o f  extreme care in surface preparation before sputtering to  
el iminate surface defects which can cause defects to  occur in the sputtered 
layers. This is also s t i l l  being evaluated. 
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TABLE I. STRAIN GAGE OVERCOAT SYSTEMS 

Sensor Sputtered Transfer tape 
PdCr A1203 FeCr  A I  P t  Glass Glass A I  - - Type 

1 X X 
2 X X X 
3 X X X 
4 X X X 
5 X X X 
6 X X X 
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Figure 1. Resistance vs Temperature at 50 deg Wmin (Pd-13 Wt Yo Cr) 

(1250 K In alr for 50 hours) 
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Figure 2. Effect of Film Thickness on Drift in Resistance of Pd-13 wt % Cr 
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Figure 3. Resistance vs Temperature for Sputtered Pd-l3Cr (wtyo) Pretreated 
10 hrs in Air at 1370 K 
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Figure 4. Temperature Compensation Arrangements 
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